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Abstract 
Forced convection grain dryers are more efficient and achieve greater drying rates than natural 
convection dryers. However, it is necessary to dry an appropriate grain layer thickness in such a 
dryer for the drying process to occur efficiently and at an appropriate rate. A well sized fan is also 
essential if the drying process is to proceed effectively. An oversize fan will be unnecessarily 
expensive to buy and operate due to high fan power, while an undersized one will not be able to 
supply adequate air flow. The solar collector must be properly sized if it is to heat the air to the 
required temperature. All these factors need to be addressed during the design of a grain dryer. 
Lengthy and expensive trial and error processes can be avoided by applying simulation in the 
design process. This study developed an experimental grain dryer, addressing the above 
mentioned issues in the process. Simulation of air flow within an initial model of the dryer was 
done and the results used to size the fan and drying cabinet. The solar collector was also sized. 
The experimental grain dryer developed consisted of a drying cabinet of dimensions 0.5 m x 0.5 m 
x 1.0 m and was equipped with a 0.039 kW centrifugal fan. The solar collector area was of 
dimensions 1.2 m x 1.8 m. 
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Contribution of this paper to the literature 
This article demonstrates that it is possible to use simulation in sizing the various components of a solar 
dryer. This will result in savings in time and resources which usually results from the normal design 
process which involves design, fabrication and testing before a prototype is eventually made.   
 
1. Introduction 
A large proportion of food product is often lost between harvesting and consumption. Adebayo, et al. [1] 
stated that loss of crop occurs in the field (15%), during harvesting (13-20%), as well as during processing and 
storage (15-25%). Post-harvest loss of crop may be attributed to different causes. Pests, such as large grain borer 
account for 10-20% loss, while 5-10% of the losses may be attributed to poor storage facilities. Diseases, on the 
other hand, contribute to 5% of post-harvest crop loss [2]. The problem of post-harvest food loss is particularly 
significant in developing countries, where food losses are estimated to be of the order of 40%, though this can rise 
to be as high as 80% under very adverse conditions [3]. For example, incidences of post-harvest product loss in 
Kenya have been estimated at 30%, and can rise to be as high as 100% with the advent of afflotoxin [4]. Post-
harvest loss of maize in Kenya in 2007 was 21.1% [5].  One reason for loss of grain after harvesting is spoilage 
resulting from high moisture content. Moist and partly moist crop is prone to fungus infection, which renders it 
unusable. High moisture content also encourages loss due to attacks by insects, pests and increased respiration. 
Drying of grain is therefore necessary to avoid loss between harvesting and consumption Tiwari [6];Twidell and 
Weir [7]. Barawal and Tiwari [8] reported that drying of crop helps to achieve better product quality, longer safe 
storage and reduction of post-harvest loss hence ensuring more food is available for the growing world population. 
Grain drying may be carried out using different sources of energy. However, solar energy is preferred to other 
alternative sources of energy such as wind and shale since it is abundant, inexhaustible and non-polluting [9]. In 
Forced Convection solar drying, a fan is used to force the air through the grain in order to enhance the circulation 
of the heated air. Such dryers produce greater drying rates and make it easier to control the drying process [10, 
11]. The performance of a dryer may also be evaluated based on other criteria such as drying and dryer efficiency, 
uniformity of drying and quality of final product (extent of cracking and discoloration of grain) as well as total 
drying time [12, 13].  Determination of an optimum design that will ensure best ventilation for any particular 
application is essential to ensure best performance [14]. 
Although forced convection solar dryers achieve greater drying rates than natural convection dryers, their 
performance is often not optimal. One reason for this is inadequate distribution of air flow, resulting in inadequate 
drying air in some sections of the dryer and hence uneven drying of the grain. According to Misha, et al. [15] 
uneven drying is the consequence of poor air flow distribution in the drying chamber. Product closer to the air inlet 
is better dried than that further, due to reduced temperature and air velocity. Sometimes, the fan is undersized, 
leading to insufficient air flow (and velocity), or oversized, leading to excessive energy consumption and in extreme 
cases grain being blown upward. Also use of inappropriate grain layer thickness leads poor performance. If the 
grain layer is too thick, some sections do not dry well as they receive air which is saturated with moisture. If too 
thin, air exits while still having capacity to remove moisture, leading to low thermal efficiency. Design of dryers 
that meet these criteria, without use of simulation, would require troublesome development stages, involving trial 
and error, continued testing and use of prototypes, a process which would be expensive and time consuming. 
Simulation, which is the imitation or reproduction of the behavior of a system or process [16] is useful in the 
design process, as it saves on the time and resources that would otherwise be required to obtain optimal 
performance. In this study, the process of simulation was used to improve on the dryer design and performance. 
The objective of the study was to simulate the grain quantity, fan and solar collector sizes for an experimental 
forced convection grain dryer. 
 
1.1. Solar Thermal Collectors 
A Solar thermal collector serves the purpose of trapping solar radiation which is then used for heating the 
working fluid. It usually consists of a black surface, the absorber, and a transparent cover. The absorber does not 
trap all the incident energy from the sun. It incurs losses due to reflection by the encapsulation (cover) or the 
absorber itself, convection as a result of exchange with the surrounding air, as well as radiation from the hot 
absorber surface. The efficiency of the collector depends on two factors: the extent to which solar radiation is 
converted to heat, and the extent of heat losses to the surroundings [17]. 
For a flat plate collector, solar collector area Ac may be determined from Equation 1 used by Dabra, et al. [18] and 
Aduewa, et al. [19]. 
   
 ̇           
   
                       (1) 
In the equation, ̇   and cpa represented air mass flow rate and specific heat capacity respectively, while    and   
stood for maximum insolation on collector surface and solar collector efficiency, also respectively. To and Ta were 
used to represent optimum dryer temperature and inlet temperature at ambient. 
 
1.2. Pressure Drop 
Jia, et al. [20] explain that air flow through packed material may be described using the Ergun Equation 2. 
According to this equation, pressure drop , for fluid velocity  depends on particle diameter ( , length 
of bed , fluid viscosity ( void space ( and fluid density (  The effect of cross sectional area (due to 
container diameter) is ignored in this equation. 
        (2) 
Although there are many channels through packed material, fluid will normally only flow through a few of 
them, a phenomenon called channeling. This leads to lack of distribution of fluid flow. Another limitation is that of 
formation of hot spots, which leads to damage to the bed and packing materials [21]. The pressure drop in the 
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drying chamber limits the number of trays that may be used. Due to high resistance to air flow through drying 
product, only a few drying shelves can be used without significantly affecting air movement [22]. 
 
1.3. Fan Sizing 
According to Wilcke and Morey [23] different crops have different airflow requirements for drying, 
necessitating selection of a fan that will deliver airflows within the recommended range. Greater airflows will 
require larger fans, leading to increased costs, while smaller ones may result in unacceptable crop quality. Also, the 
fan must develop sufficient pressure to overcome resistance to airflow. Typical air flow rates range from 0.25-0.51 
m3/s.m2 of perforated screen area, these flow rates creating relatively low static pressures of 0.249-1.25 kPa in 
cross flow and mixed-flow dryers. The fan to be used for such a dryer must be of sufficient capacity to overcome 
this static pressure, being the resistive force the fan works against while trying to push the air through the grain 
column [24]. 
Fan power ( may be obtained either from manufacturers’ charts or from Equation 3 and 4 as suggested by 
Wilcke and Morey [23] as well as Maier and Bakker-Arkema [24]. 
           (3) 
           (4) 
( ̇ is air volume flow rate while Ps  represents static pressure) 
The equations are similar, although for Equation 4 an impeller efficiency of 60% has been assumed and 
incorporated. Weiss and Buchinger [25] stated that fan efficiency ranges between 30 % and 70 %, hence the 
assumption is reasonable to cater for most fans if cost of fan and that of power is the major consideration. In the 
current study, Equation 4 was adopted to cater for a general situation where efficiency of fan does not have to be 
used every time. 
 
2. Materials and Methods 
2.1. Research Site 
The study was carried out in Njoro, Nakuru County, Kenya. Njoro is located 18 km South West of Nakuru 
town. It lies at an altitude of 1800 m above sea level, and experiences temperature ranges between 17-22 ºC. 
Nakuru County is a moderate to high solar energy potential area. The amount of available solar energy is season 
dependent, with the December-February season receiving the highest amount of insolation of 678 kWh/m2. The 
September-November season receives the least insolation of 602.6 kWh/m2. Harvesting is normally carried out 
between August and December, depending on the type of grain [26-28]. 
 
2.2. Simulation to Estimate Grain Layer Thickness and Number of Trays 
Simulation was carried out in order to determine the greatest grain layer thickness that would be penetrated by 
the drying air. This was determined by observing the velocity profile for simulated air flow up different layer 
thicknesses, with the expectation that air velocity would gradually increase up the layer. According to Ergun’s 
Equation 2 the governing equation in the simulation process, fluid velocity increases as pressure drop increases. 
The latter increases as fluid moves up the grain layer, hence fluid velocity is expected to vary in a similar manner. 
Simulation was first carried out of hot air flowing through a single grain layer of 0.1 m thickness, at an air velocity 
of 1 m/s. A parametric sweep was then carried out in order to simulate air flow through various grain layer 
thicknesses ranging between 0.1 m – 0.3 m for air velocities ranging between 1 m/s - 5 m/s. A parametric sweep 
enables simulation within the specified range of parameter values in one simulation process, without having to do it 
for discrete values. The purpose of the parametric sweep was to determine the maximum grain layer thickness that 
would allow the fan to overcome static resistance to airflow.  
Once the maximum allowable layer thickness was determined, simulation of air flow up increasing number of 
grain layers was carried out in order to determine the number of layers the air was able to penetrate. In this case, 
variation of pressure up the drying cabinet with different grain layer numbers was observed. It was expected that 
pressure would decrease gradually up the drying cabinet. Any behavior to the contrary would suggest air was not 
able to penetrate.  
The simulation process was carried out in two major stages: creation of the model and simulation of the model. 
Before simulating air flow up the drying cabinet, a 2-D model of it had to be developed using the software 
SolidWorks. Once created, the model was imported into the COMSOL MULTI-PHYSICS simulation software and 
the process of simulation carried out. The simulation process was also in two major stages: pre-processing and 
post-processing.  Figure 1 summarises the model creation process while Figure 2 summarises the preprocessing 
stage of simulation. 
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Figure-1. Model Creation. 
                        Source: Osodo [29]. 
 
 
Figure-2. Flow Chart of Preprocessing Stage of Simulation. 
                         Source: Osodo [29]. 
 
Once simulation was complete, post-processing, summarized in Figure 3, was carried out to extract the results 
in various forms as required. 
 
 
Figure-3. Post-processing Stage of Simulation.  
                            Source: Osodo [29]. 
 
2.3. Sizing of Solar Dryer 
2.3.1. Fan Power Determination 
Having found the grain layer thickness that would allow penetration by the air, the simulated pressure drop for 
this layer thickness was taken as being equivalent to the static pressure to be overcome by the suction fan. This 
static pressure (  ) as well as the corresponding air flow rate ( ̇) was applied in Equation 4 to determine the power 
of the appropriate fan.  
 
2.3.2. Drying Cabinet and Solar Collector 
i. Drying Cabinet 
To determine the cross sectional area of the drying cabinet, a capacity of 18 kg per tray (a mass that an average 
family would dry for milling, and also that can be carried comfortably when loading) was assumed. The volume 
(Vgr), of grain per tray was determined using Equation 5 the grain density for maize being 0.76 g/cc. The cross 
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sectional area of the drying cabinet Acb was then determined from Equation 6 the value of     (maximum grain 
layer thickness) having been determined as 0.1 m.  
     
   
   
             (5) 
     
   
   
            (6) 
(mgr and    represent mass and density grain respectively) 
The height of the drying cabinet was sized to carry two trays, each holding a grain layer thickness equal to    . 
The void space between the trays, having a height equal to that of the grain layer, and a plenum chamber, as well 
as space above the second tray to accommodate the suction fan were also catered for.  
 
ii. Solar Collector 
The solar collector area (Ac) was determined using Equation 1. To find the air mass flow rate ( ̇   Equation 7 
and 8 were used. Air velocity was measured at dryer exit, which had a diameter of 0.1 m, using a thermo-
anemometer, cabinet cross sectional area having been found as shown above. 
          (7) 
 ̇                  (8) 
(Q = flow rate in m3/s, A= cross sectional area in m2, v = air velocity in m/s,   ̇ = mass flow rate in kg/s and   = 
density of air in kg/m3)  
Ti was taken to be 23°C (the ambient temperature measured in research area during drying period) and To as 
58°C (the maximum temperature to maintain grain quality). A value of 1200 W/m2 was used as Insolation Ic 
(estimated from measurements in the research area), while a solar collector efficiency (η) value of 83.28 % was used. 
This solar collector efficiency was similar to that reported by Aduewa, et al. [19] at insolation of 1199.46 W/m2. 
 
Plate-1. Side View of Experimental Solar Grain Dryer. 
Source: Osodo [29]. 
 
 
Plate-2. Rear View of Experimental Solar Grain Dryer. 
                      Source: Osodo [29]. 
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3. Results and Discussion 
3.1. Grain Layer Thickness  
In order to select the appropriate grain layer thickness, air flow up different layer thicknesses was simulated. 
The expectation was that air velocity would increase gradually up the grain layer. Any variation from this 
expectation would imply an inappropriate layer thickness. Figures 4 – 7 show velocity profiles for different layer 
thicknesses. 
 
 
Figure-4. Air Velocity up Single Grain Layer of Height 0.1 m & inlet Velocity 1 m/s. 
                       Source: Osodo [29]. 
 
 
Figure-5. Air Velocity up Single Grain Layer of Height 0.2 m & inlet Velocity 1 m/s. 
                            Source: Osodo [29]. 
 
 
Figure-6. Air Velocity up Single Grain Layer of Height 0.25 m & inlet Velocity 1 m/s. 
                            Source: Osodo [29]. 
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Figure-7. Air Velocity up Single Grain Layer of Height  0.3 m & inlet Velocity 1 m/s. 
                Source: Osodo [29]. 
 
It is evident that for grain layer thickness of 0.1 m, air velocity increased gradually up the entire grain layer, 
leveling off at the top. This was according to expectations. This implied that 0.1 m would be an appropriate grain 
layer thickness for this dryer, and that the suction fan would be able to overcome the static pressure i.e. resistance 
to air flow, in this case. For other layer thicknesses, this was not the case. For example for grain layer thickness of 
0.2 m at inlet velocities 1 m/s, velocity increased gradually up to a grain layer height of 0.04 m, before falling 
sharply. Air velocity was again showed to be increasing sharply at the upper sections of the grain layer. The trend 
at the section at a height between 0.07 m- 0.18 m did not show, making it difficult to explain what happened. 
However, because the expectation was for the air velocity to rise steadily up the grain layer, it was concluded that 
this was not an appropriate grain layer thickness to use. 
For the velocity profile up 0.25 m grain layer thickness at 1 m/s, air velocity increased up the grain layer, but 
only up to a height of 0.03 m before decreasing, showing again that this was not an appropriate grain layer 
thickness to use. In the case of a 0.3 m grain layer thickness, once again air velocity increased up the grain layer, 
but the increase was not sustained. The velocity dropped way before the top of the grain layer, at a height of about 
0.2 m. This showed that this was not an appropriate grain layer thickness to use. Thus it was concluded that the 
maximum grain layer thickness should be 0.1 m. 
 
3.2. Number of Layers and Trays 
Pressure profiles for simulated air flow up a drying cabinet with different numbers of grain layers are shown in 
Figures 8- 12.  
 
 
Figure-8. Variation of Pressure for Four (4) 0.1 m Thickness Grain Layers. 
                     Source: Osodo [29]. 
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Figure-9. Variation of Pressure for Five (5) 0.1 m Thickness Grain Layers. 
                       Source: Osodo [29]. 
 
 
Figure-10. Variation of Pressure for Eight (8) 0.1 m Thickness Grain Layers. 
                             Source: Osodo [29]. 
 
 
Figure-11. Variation of Pressure for Eleven (11) 0.1 m Thickness Grain Layers. 
                        Source: Osodo [29]. 
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Figure-12. Variation of Pressure for Sixteen (16) 0.1 m Thickness Grain Layers. 
                  Source: Osodo [29]. 
 
It was found that beyond four (4) grain layers, the linear trend in pressure drop ceased. From five (5) grain 
layers and above, there were sections where there was little or no change in pressure, suggesting that there was 
little or no air flow. Sections where the curve remained horizontal indicated no pressure drop. This trend 
intensified as number of grain layers increased, with the horizontal sections of the curve becoming longer, 
indicating no pressure drop for greater distances up the grain layers. This continued to the extent that for sixteen 
(16) grain layers and beyond, the graph was a horizontal line, showing that there was no pressure drop at all, hence 
suggesting that no air flow through the grain layers occurred. It was therefore concluded that the grain dryer 
should be loaded with at most four (4) trays, each with a maximum grain layer thickness of 0.1 m. 
 
3.3. Sizing of Drying Cabinet and Solar Collector 
Figure13 shows variation of pressure for simulated air flow up a single 0.1 m grain layer. It indicates that there 
was a linear drop in pressure from the lower section of a grain layer upwards.  
 
 
Figure-13. Variation of Pressure for a Single Layer of Thickness 0.1 m. 
                                Source: Osodo [29]. 
 
As shown in Figure 13 the total pressure drop for a single 0.1 m thick layer was 1.28 x 104 Pa, this being the 
difference between the highest (6.9533 MPa) and the lowest pressure (6.9405 MPa). For two layers or trays, the 
total pressure drop would therefore be equal to twice this value. This was due to the assumption that pressure drop 
would be the same for each layer, since they were of equal thickness. Equation 2 indicates that pressure drop 
depends on length of bed and void space which were constant. The other variables, namely particle size, fluid 
viscosity and density were also assumed to be constant. This yielded a total pressure drop of 2.56 x 104 Pa for two 
(2) grain layers, which was found to be equivalent to a static pressure     of 102.8 inches of water. Using Equation 
5 – 8 the air volume flow rate     was determined to be 1.984 cfm. By applying Equation 4 the fan power    was 
found to be 0.053 Hp (0.039 kW).  
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3.3.1. Drying Cabinet Sizing 
Although it was found that maximum number of trays should be four, the experimental dryer was designed to 
carry two trays. Each drying tray with a capacity of 18 kg was sized to be of square cross section 0.5 m x 0.5 m. 
using Equation 5 and 6. The lowest tray was to be placed 0.3 m from the bottom to allow for the plenum chamber, 
and the second one 0.2 m above (0.1 m each for grain layer and void space). Leaving 0.3 m above the upper tray for 
fitting the fan, this resulted in a total drying cabinet height of 1 m.  
 
3.3.2. Solar Collector Sizing 
Using an air velocity, v of 0.3 m/s (the lowest recommended for drying of grains) and drying cabinet cross 
section 0.25 m2, the volume flow rate Q, through the collector was determined to be           (mass flow rate ̇  
= 0.092 kg/s), using Equation 7 and 8. Assuming a maximum temperature To of 58°C (to maintain grain quality), 
and an ambient temperature Ti of 23°C (measured in research area during drying period) as well as an insolation Ic 
of 1200 W/m2, the required solar collector area was determined to be 3.25 m2 after applying Equation 1. A solar 
collector efficiency η of 83.28 %, as achieved by Aduewa, et al. [19] at an insolation of 1199.46 W/m2 was used in 
the determination. 
 
4. Conclusions  
As a result of this study, an experimental grain dryer shown in Figures 4-6 and Plates 1 and 2 was sized and 
fabricated. Simulation led to the conclusion that the grain dryer should be loaded with at most four (4) trays, each 
with a maximum grain layer thickness of 0.1. Having decided to design a dryer with two drying trays, a drying 
cabinet of dimensions 0.5 m x 0.5 m x 1.0 m was adopted. It was designed to be equipped with a 0.039 kW 
centrifugal fan. The solar air heater was designed to have a collector area of 3.25 m2.  
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